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Interdigital cantilevers for atomic force microscopy
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We present a sensor for the atomic force microscope ~AFM! where a silicon cantilever is
micromachined into the shape of interdigitated fingers that form a diffraction grating. When
detecting a force, alternating fingers are displaced while remaining fingers are held fixed. This
creates a phase sensitive diffraction grating, allowing the cantilever displacement to be determined
by measuring the intensity of diffracted modes. This cantilever can be used with a standard AFM
without modification while achieving the sensitivity of the interferometer and maintaining the
simplicity of the optical lever. Since optical interference occurs between alternating fingers that are
fabricated on the cantilever, laser intensity rather than position can be measured by crudely
positioning a photodiode. We estimate that the rms noise of this sensor in a 10 hz–1 kHz bandwidth
is ;0.02 Å and present images of graphite with atomic resolution. © 1996 American Institute of
Physics. @S0003-6951~96!00851-0#The cantilever with an integrated tip is a key component
in the family of microscopes known as the scanning probes.
Its importance stems from its crucial role in determining the
sensitivity of the system. Atomic force microscopes ~AFM!
commonly measure deflections that are much less than 1 Å
using techniques such as tunneling,1 optical lever
detection,2,3 interferometry,4–7 and piezoresistive sensing.8
This has allowed the structure of a variety of crystalline sur-
faces to be imaged on the atomic level. High-resolution im-
aging is particularly useful in applications such as subang-
strom surface roughness measurements and profiling the
structure of DNA.
One of the most sensitive optical techniques for measur-
ing the deflection of a cantilever is the interferometer. Rugar
et al.6 developed a deflection sensor based on the interfer-
ence of light between the cleaved end of an optical fiber and
the backside of a cantilever. By accurately positioning the
fiber above the cantilever to form a tightly spaced interfer-
ence cavity of less than 4 mm, it is possible to achieve a
vertical resolution on the order of 0.01 Å. In other work,
Scho¨nenberger and Alvarado7 developed a scheme where a
birefringent prism is used to divide a laser into a sensing and
reference beam. The prism is mounted within a few millime-
ters of the cantilever such that the reference beam is reflected
off the cantilever base while the sensing beam is reflected
near the tip. The back-reflected light is then analyzed with an
additional birefringent prism and directed to a split photodi-
ode. Such a system reduced the perturbations resulting from
fluctuations of the optical path length and also yielded a
resolution of ;0.01 Å.
The process of optically measuring deflection can be
simplified through a technique known as the optical lever. In
this system, a laser beam is reflected off the backside of the
cantilever and directed into a split photodiode. The position
of the reflected beam and, hence, the cantilever deflection, is
determined by subtracting the photodiode outputs. Unlike the
interferometer, the optical lever does not require the posi-
tioning of components directly above the cantilever. It is this
a!On leave from Bilkent University, Ankara, Turkey.3944 Appl. Phys. Lett. 69 (25), 16 December 1996 0003-6951
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the interferometer. However, the resolution is typically lim-
ited to roughly 0.1 Å.9
In this letter, we present a new interferometric sensor for
the AFM where a cantilever is micromachined into the shape
of interdigitated fingers to form a diffraction grating. Opera-
tionally, this technique requires an illumination source and a
standard photodiode, yet it achieves a resolution that is com-
parable to the interferometric sensors described previously.
The improved simplicity allows the interdigital cantilever to
be used in most optical lever AFMs without modification. It
should also be useful in a number of applications where the
cantilever is used to observe physical and chemical
events.9,10
Micromachined diffraction grating are used in many
micro-optical systems11 and can be used for high-resolution
displays.12 The idea of integrating a diffraction grating onto
the cantilever to determine its deflection was suggested by
one of us ~A.A.! while searching for a high-resolution deflec-
tion sensor for arrays of cantilevers. The interdigital cantile-
ver alleviates the task of critically aligning an array of pho-
todiodes since intensity rather than position of the reflected
beam is measured.
A scanning electron micrograph ~SEM! of an interdigital
cantilever is shown in Fig. 1. The cantilever is defined such
that when a force acts on the tip, only the alternating fingers
that are connected to the outer portion of the cantilever are
vertically displaced. The remaining set of fingers, or refer-
ence fingers, are attached to the inner portion of the cantile-
ver and remain fixed. When the cantilever is illuminated, the
fingers form a phase sensitive diffraction grating, and the tip
displacement is determined by measuring the intensity of the
diffracted modes. The dominant reflected mode from the
grating when the cantilever is not deflected is the zeroth
mode. As the tip is displaced by an external force, the inter-
ference between the light reflecting off the reference fingers
and the moving fingers causes the zeroth mode intensity to
decrease while a first mode is created.13 When the cantilever
is deflected by an amount of l/4, where l is the wavelength
of the illumination source, the zeroth mode is minimized and
the first mode is maximized. The cantilever deflection can be/96/69(25)/3944/3/$10.00 © 1996 American Institute of Physics
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determined by measuring the intensity of the zeroth mode,
first mode, or the difference between the modes. Maximum
sensitivity of the deflection occurs at l/8. The distance be-
tween the zeroth and first mode is roughly 2 mm for our
system.
The fabrication of the interdigital cantilever is a three
mask process that begins by growing 1 mm of thermal oxide
on an a ,100. silicon-on-insulator wafer on which the top
silicon is 10 mm of undoped epitaxial silicon. Tip masks are
patterned into the oxide with 6:1 HF, undercut into the epi-
taxial silicon with a plasma etch, and sharpened by a wet
oxidation at 950 °C for 2 h. The cantilever and the interdigi-
tated fingers are defined in a plasma etch. The top surface is
then passivated with polyimide and the bulk silicon is etched
with ethylene diamine pyrocathecol using the middle oxide
as an etch stop. Cantilevers are released by etching the
middle oxide in 6:1 HF and removing the polyimide in an
oxygen plasma ~see Fig. 1!. All measurements and images
obtained with the interdigital cantilever use a commercial
microscope head14 with a homebuilt scanning system and
control electronics.
FIG. 1. SEM micrograph of an interdigital cantilever that is 215 mm long,
2.5 mm thick, and contains 3 mm wide fingers.
FIG. 2. Force curve obtained by recording the intensity difference between
the zeroth and first modes when the cantilever is deflected by displacing the
tip with a piezotube. The amplitude of the optical response decays since the
vertical separation between the moving and reference fingers is not constant
due to the curvature of the deflected cantilever.Appl. Phys. Lett., Vol. 69, No. 25, 16 December 1996
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measuring the intensity difference between the zeroth and
first modes as a function of cantilever deflection. The canti-
lever is deflected by applying a force at the tip with a piezo-
tube. A laser diode with a wavelength of 670 nm is focused
to a ;20 mm spot and aligned to a set of interdigitated fin-
gers. The spot is placed such that the longitudinal finger
support is not illuminated. The intensity of the diffracted
modes is measured with a split photodiode placed roughly 4
cm from the cantilever. Note that the period of the optical
response shown in Fig. 3~a! is 470 nm, which is slightly
larger than the expected value of l/25335 nm. We find that
this discrepancy can be accounted for by considering the
following effects: Since the force is applied at the tip and the
laser beam is focused on the diffraction grating, the actual
vertical finger displacement is less than the tip deflection due
to the bending of the cantilever. Also, the expected period is
increased because the laser beam does not reflect off the
diffraction grating with normal incidence.
Resolution of the interdigital cantilever is estimated by
measuring the noise spectral density of a free-standing can-
tilever ~see Fig. 3!. To calibrate this measurement in terms of
position, the noise spectral density is divided by the cantile-
ver sensitivity, which is the maximum slope of the force
curve shown in Fig. 2. This yields a rms noise of roughly
0.02 Å in a 10 Hz to 1 kHz bandwidth. However, the noise
spectral density is measured at a point on the force curve
where the sensitivity is not maximized. In order to under-
stand the meaning of this measurement, the following issues
should be considered. First, the noise spectral density does
not include an accurate measure of mechanical noise of the
cantilever. Theoretically, we estimate that the thermal me-
chanical noise of the cantilever is ;0.005 Å in a 1 kHz
bandwidth.15,16 Second, the combined laser power from the
zeroth and first modes incident on the split photodiode is
constant with respect to cantilever deflection and corre-
sponds to a shot noise of 0.007 Å.17 Since the contribution of
thermal mechanical and shot noise is small compared to our
noise measurement of 0.02 Å, we speculate that a significant
noise source is intensity fluctuations of the laser. In our mea-
FIG. 3. Noise spectral density measured when the tip end of the cantilever
is free. The maximum slope from the force curve shown in Fig. 2 was used
to calibrate the noise spectral density.3945Manalis et al.
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surement, the zeroth order intensity is maximized and the
first order intensity is minimized since the cantilever is not
deflected. As a result, laser intensity noise is not correctly
subtracted through the differential output. This implies that
the measured noise of 0.02 Å may be an upper limit that
could be reduced if laser intensity noise can be canceled by
subtraction.
When imaging, the tip is placed into contact with a
sample and the vertical position of the piezotube is adjusted
to maximize the cantilever sensitivity. Atomic images of
graphite are shown in Fig. 4. The data in Fig. 4~b! is raw
with the exception of the lower left-hand corner, which has
been filtered to clearly show the hexagonal structure of
graphite. The squarelike quality of the atoms results from a
relatively large contact force between the tip and sample.18
To maximize sensitivity, the outer portion of the cantilever
FIG. 4. ~a! 35 Å335 Å atomic image of graphite imaged by the interdigi-
tal cantilever. ~b! Image area is reduced to 20 Å320 Å. The data in the
bottom left-hand corner has been filtered to clearly show the hexagonal
structure of graphite.3946 Appl. Phys. Lett., Vol. 69, No. 25, 16 December 1996
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This is undesirable because it is not possible to arbitrarily
choose the tip/sample force while maintaining maximal sen-
sitivity. In Fig. 4, the sensitivity was maximized by deflect-
ing the cantilever by roughly 175 nm ~see Fig. 2!. As a
result, we estimate that the tip/sample force was 0.4 mN,
which is several of orders of magnitude larger than forces
typically applied by the AFM.19 In future generations of the
interdigital cantilever, we plan to bias the deflection of the
reference plane in the fabrication process such that maximum
sensitivity is achieved without adjusting the deflection of the
outer portion of the cantilever.
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